The electron-HCN collision rate for the excitation of rotational transitions of the HCN molecule is evaluated in comets C/1995 O1 ( Hale-Bopp) and C/1996 B2 ( Hyakutake). Based on theoretical models of the cometary atmosphere, we show that collisions with electrons can provide a significant excitation mechanism for rotational transitions in the HCN molecule. Computed values of the cross section e-HCN can be as high as 1:3 ; 10 À12 cm 2 , more than 2 orders of magnitude greater than the commonly assumed HCN-H 2 O cross section. For the ground rotational transitions of HCN, the electron-HCN collision rate is found to exceed the HCN-H 2 O collision rate at distances greater than 3000 km from the cometary nucleus of Hale-Bopp and 1000 km from that of Hyakutake. Collisional excitation processes dominate over radiative excitation processes up to a distance of 160,000 km from the cometary nucleus of Hale-Bopp and 50,000 km from that of Hyakutake. Excitation models that neglect electron collisions can underestimate the HCN gas production rates by as much as a factor of 2.
INTRODUCTION
The apparitions of comet C/1996 B2 ( Hyakutake) and C/1995 O1 ( Hale-Bopp) during 1996 and 1997 presented unprecedented opportunities to employ modern millimeter-wave and infrared spectroscopic instrumentation to study molecular lines in bright comets. However, the interpretation of such spectroscopic observations of cometary rotational lines requires a model of molecular excitation in the comae. In the case of comets near the Sun, we expect three dominant excitation mechanisms for rotational transitions of coma HCN: (1) excitation by collisions with water molecules, presumably the most abundant coma constituent; (2) excitation by collisions with electrons; and (3) excitation by solar photons, assuming fluorescence equilibrium is achieved. A comparison of the collisional mechanisms for excitation of cometary water is treated thoroughly by Xie & Mumma (1992) , who find that electron collisions play a significant role for comet Halley.
In this paper, we perform a similar analysis for the molecule HCN, focusing on the J ¼ 1 0 transition, and compare the various mechanisms for its excitation in comets Hyakutake and Hale-Bopp. Each mechanism is compared according to its respective excitation rates: C H 2 O for water, C e for electrons, and g e for photons. In the inner coma, where gas densities are high, collisional excitation mechanisms are dominant. At further distances from the nucleus, radiative excitation is presumed to dominate. Between these two regions, we define the transition from collisional to radiative excitation as occurring at the distance from the nucleus at which the total of the collisional excitation rates equals the radiative excitation rate, g e ¼ (C e þ C H 2 O ).
Bockelée-Morvan et al. (1984) employ a nominal cross section for HCN-H 2 O collisions, 5 ; 10
À15 cm 2 , deduced from both theory and line-broadening measurements. Using this cross section, the transition from collisional to radiative excitation occurs at low values of cometocentric distance. Furthermore, at temperatures typical near 1 AU from the Sun, the J ¼ 1 population of HCN is very low under collisional excitation: about 10%, as opposed to 43% under solar radiative excitation ( Bockelée-Morvan & Crovisier 1985) . Spectroscopic mapping observations of comets Hale-Bopp and Hyakutake ( Lovell 1999) appear to require a larger collision region than that predicted by models that employ this nominal HCN-H 2 O collision cross section (Snyder et al. 2001) . One means of reconciling this difference is to allow a larger HCN-H 2 O cross section. Lis et al. (1997) suggest that a cross section of 5 ; 10 À14 cm 2 is likely still an underestimate. However, Xie & Mumma (1992) suggest that elevated cross sections are questionable and unnecessary if, instead, electron collisions are considered in the excitation of cometary parent molecules with large permanent dipole moments. Electron collisions with various neutral species have been taken into account in the analysis of Biver et al. (1999) .
Here we apply the techniques outlined in Xie & Mumma (1992) to the specific cases of HCN-electron collisions in the comae of the bright comets Hale-Bopp and Hyakutake and show that electrons do indeed play a significant role in the excitation of the lower energy rotational transitions of HCN in both comets. In general, we consider coma conditions in comet Hyakutake to be similar to those in comet Halley, and we employ simple scaling laws to adjust the electron densities and the cometocentric distance of the contact surface. At 1 AU, the production rate of comet Halley was around 4 ; 10 29 ( Fink & DiSanti 1990 ), a factor of 2 larger than the 2 ; 10 29 for comet Hyakutake. Thus, many parameters can be obtained or inferred from scaling in situ measurements made by the Giotto spacecraft. Physical conditions in the coma of comet Hale-Bopp are taken from observations and from observationally constrained MHD models (Gombosi et al. 1999; Combi et al. 1999a ).
RESULTS

Collisional Excitation Rates
In general, collisional excitation of cometary gases dominates in the dense inner coma and radiative excitation dominates in the rare outer coma, although the location of the transition between these regions varies for each molecule and for each comet. For analysis of the data, the quantity of interest is the population of molecules in the upper state of the observed transition and the cometocentric distance at which excitation by collisions ceases to dominate this population. In order to determine this transition distance we must determine the rates of each excitation mechanism. The rate of collisions C (s À1 ) is given by the product of the number density n (cm À3 ) of the collision partner, the collision cross section (cm 2 ), and the average velocity hV i (cm s À1 ) between constituents:
We consider here only collisions between HCN molecules and either electrons or H 2 O. Collision cross sections. -Xie & Mumma (1992) have shown that cross sections for collisions between electrons and molecules with large dipole moments can be very large at low energies. We follow similar techniques to calculate this cross section in the case of HCN and electrons. Itikawa (1972) gives a collision cross section as
where J and J 0 are the quantum numbers for the initial and final state of the transition, k and k 0 are the initial and final wavenumbers of the electron, and D is the permanent dipole moment of HCN (D ¼ 3:34 debye ¼ 1:176 amu), which gives the cross section in cm 2 . The matrix element hJ 0 jJ i 2 is related to the line strength (S ) via ( King et al. 1947; Schwendeman & Laurie 1958) 
The line strength for rotational transitions of HCN, a linear molecule, is simply J 0 , the quantum number for the final state ( King et al. 1947 ). The collisional cross sections for electron-HCN collisions can thus be calculated as a function of wavenumber and related to electron energy. Electron energies present in cometary comae typically range from 0.006 eV (50 K) to 1.3 eV (10,000 K), with cross sections ranging from 3 ; 10 À12 to 3 ; 10 À14 , respectively. The peak in cross section occurs around twice the energy of the transition ( Xie & Mumma 1992) , which for HCN J ¼ 1 0 is 3:7 ; 10 À4 eV, and indeed we find that the peak cross section of 1:1 ; 10 À11 occurs near 7 ; 10 À4 eV. For collisions with water, we adopt the nominal H 2 O-HCN collisional cross section of 5 ; 10 À15 cm 2 , as discussed by Bockelée-Morvan et al. (1984) . While this cross section is somewhat uncertain, it can be limited on the lower end by the geometrical cross section of 1 ; 10 À15 cm 2 . We consider an extreme upper limit to be 6 ; 10 À14 cm 2 , the laboratory measurement of the HCN-HCN collision cross section ( Turfa et al. 1977) . We would expect H 2 O-HCN collisions to occur with a considerably smaller cross section because of the lower dipole moment of H 2 O (1.85 debye) compared to HCN (3.34 debye) and the lack of resonant interaction between dissimilar species ( Bockelée-Morvan et al. 1984).
Densities.-There are three main sources of electrons in the cometary environment: (1) solar wind electrons, (2) electrons from photoionization of cometary gases, and (3) secondary electrons from the ionization of cometary molecules by electrons, fast neutrals, and ions ( Eberhardt & Krankowsky 1995 (Gombosi et al. 1999 ). Because the model calculations include uncertainties in total gas production and net ionization rate, we adopt two additional density profiles, a factor of 2 higher and lower than this nominal model at similar cometocentric distances.
For comet Hyakutake, which is similar in total gas production rate to comet Halley, we follow the functional form of the electron density estimates as employed by Xie & Mumma (1992) , following Ip & Axford (1990) . Assuming charge neutrality, the electron density is equal to the total ion density, as measured by Giotto ( Eberhardt & Krankowsky 1995) . The electron density is then proportional to r À1 inside the contact surface (R CS ) and r À2 in the outer coma ( Balsiger et al. 1986 ), with a small transition region in between (from R CS to the recombination radius R rec , following Biver et al. 1999) .
In order to explore a range of possible electron densities, we consider a nominal gas production rate of 2 ; 10 29 mol s À1 , as well as rates a factor of 2 above and below this value, 1 ; 10 29 mol s À1 and 4 ; 10 29 mol s À1 . The electron densities and regions in Table 1 are scaled following Biver et al. (1999) . The electron density and R rec are proportional to ffiffiffi ffi Q p , and R CS is proportional to Q 3/4 . At Q ¼ 5 ; 10 29 mol s À1 , the density profile agrees with that employed by Xie & Mumma (1992) for comet Halley. Thus,
and R rec ¼ 12; 500
The density in the transition region is approximated by a power law of the form br m , smoothly connecting the inner and outer coma density profiles. The constants b and m agree with the values of Xie & Mumma (1992) , b ¼ 1:7 ; 10 À2 and m ¼ 1:3, at Q ¼ 5 ; 10 29 mol s À1 . In a cometary coma, the primary source of coma gases is sublimation from the nucleus. For HCN, there is no evidence that a secondary (extended) source is required in comets observed to date ( Magee-Sauer et al. 1999) . Thus, the number of molecules (N ) in the coma can be expressed as a function of time, t (s), by N ¼ Q 0 te Àt , where Q 0 (mol s À1 ) is the nuclear production rate and (s À1 ) is the photodestruction rate. The number density, n (cm À3 ), of molecules at a given distance, r, will depend upon the time since release from the nucleus, the rate at which molecules are destroyed, and the velocity at which the gas is expanding into the coma.
The outflow velocity of gases into the coma typically increases with distance from the nucleus and can be parameterized as a series of second-order polynomials
The velocity coefficients for comets Hyakutake and HaleBopp are shown for each range of cometocentric distance in Table 2 . We have adopted velocity coefficients (A, B, and C ) for comet Hale-Bopp corresponding to fits to the neutral velocity profile, taken as a result of MHD model predictions (Combi et al. 1999a) . Coefficients for comet Hyakutake are fitted to the outflow velocity of Combi et al. (1999b) , extracted from hybrid kinetic/hydrodynamic calculations for 1996 March 30 (their Fig. 3) .
Such accelerated outflow results in a sharper decrease in the gas density than would be expected solely as a result of the increasing spherical volume and exponential decay due to photodestruction. A solution of the equation V (r) ¼ dr=dt enables the expression of time t as a function of distance r; thus, even though the number of molecules is a function of time, the number density can be expressed solely as a function of cometocentric distance r. A comparison of the resulting water densities and the electron densities discussed above is shown for comet Hale-Bopp in Figure 1 and for comet Hyakutake in Figure 2 . The data in these figures are based on a water photodestruction rate of ¼ 1:2 ; 10 À5 s À1 at 1 AU (Crovisier 1994 ) and on water production rates of 1 ; 10 31 mol s À1 for comet Hale-Bopp (Combi et al. 2000 ) and 2 ; 10 29 mol s À1 for comet Hyakutake (Gerard et al. 1998 ). These figures illustrate that the water density is, as expected, much greater than the electron density in the coma, except in the outer portion of the comae where dissociation has led to water depletion.
Velocities.-Water and HCN molecules at a temperature T collide with a mean velocity of
where k is Boltzmann's constant, m H 2 O ¼ 18 amu, and m HCN ¼ 27 amu. Most thermodynamic models of coma gases include a low temperature of about 150 K in the near-nucleus region, a Water density is estimated using an assumed production rate of 1 ; 10 31 mol s À1 and a variable outflow velocity profile according to Table 2 . Electron densities are the result of MHD model predictions. Fig. 2. -Comparison of the number densities of water (dashed line) and electrons (solid line) in the coma of comet Hyakutake. Water density is estimated using an assumed production rate of 2 ; 10 29 mol s À1 and outflow velocity as shown in Table 2 . decrease in temperature due to adiabatic expansion of the gas, a subsequent increase due to photolytic heating, and a steadystate temperature (Crovisier & Encrenaz 1983) . In general, as the heliocentric distance decreases, the outer-coma temperature increases, but the largest variations in temperature occur within 1000 km of the nucleus. These water temperature (T ) profiles are adopted from Combi et al. (1999a) for comet Hale-Bopp and from Combi et al. (1999b) for comet Hyakutake.
For electrons, the small mass allows a simplification of the mean velocity:
However, the electron temperature T e follows a dramatically different profile from that of the neutral temperature. We have used a simplified temperature profile, similar to that employed by Biver (1997) , in which the electrons have the same temperature as the gas in the inner coma. Beyond the contact surface, the temperature rises linearly, from interactions with the solar wind and the thermal energy of dust, until it approaches 10,000 K at about twice the distance of the contact surface. This simplification is a crude approximation of the Giotto spacecraft results (Eberhardt & Krankowsky 1995) . Both electron and neutral gas temperatures are illustrated for comet HaleBopp in Figure 3 , taking the distance of the contact surface to be 36,000 km (Gombosi et al. 1999 ).
Bockelée- Morvan & Crovisier (1987) showed that the neutral gas temperature ranges from 60 to 80 K at distances ranging from 1000 to 30,000 km for the gas production rate of 1 ; 10 30 mol s À1 . The temperature of both neutral gas and electrons within the contact surface in comet Hyakutake is assumed to be 60 K, similar to that in comet Halley and approximately the average of the Combi et al. (1999b) observationally constrained predictions.
Radiativv e Excitation Rates
The main radiative excitation mechanism for the HCN molecule is solar excitation of the 1 , 2 2 , and 3 infrared vibrational bands (Crovisier & Encrenaz 1983 ). The excitation due to solar blackbody radiation at a temperature T bb ¼ 5770 K, subtending a solid angle bb (6:8 ; 10 À5 at 1 AU), is characterized by the radiative excitation rate ( Bockelée-Morvan et al.
1984)
Here v 0 v 00 is the frequency of the transition from the vibrational state v 0 to v 00 in cm À1 and A v 0 v 00 is the Einstein coefficient for spontaneous emission. In the literature, line strengths for the infrared bands are generally reported as intensities of absorption lines observed at 300 K (in km mol À1 ). When v 0 is the ground state, Crovisier & Encrenaz (1983) define a ''band spontaneous emission Einstein coefficient''
where S is the total band strength in cm À2 atm À1 . Given these individual excitation rates, g v 0 v 00 , the effective band excitation rate is the sum of the parallel and perpendicular excitation terms ( Bockelée-Morvan & Crovisier 1985) :
Following these equations, the effective band excitation rate is g e ¼ 4:1 ; 10 À4 s À1 ( Bockelée-Morvan et al. 1984 ; see Table 3 ). At fluorescence equilibrium the radiative excitation rate is constant, leaving a constant population (in the upper state of the rotational transition) for all parts of the coma that are dominated by the solar excitation.
3. DISCUSSION Figure 4 shows the excitation rates for the J ¼ 0 ! 1 excitation of HCN in comet Hale-Bopp as a function of distance from the nucleus. The value C H 2 O (solid line) represents the excitation rates for collisions only with water, C e (short-dashed line) represents the excitation rate by collisions with electrons, and the range of possible C e (dotted lines) is indicated on either side. The value g e represents the radiative excitation rate (longdashed line), assuming that fluorescence equilibrium has been achieved. The figure shows that r trans , the distance at which the collisional excitation rate crosses the radiative rate, is less than 30,000 km from the nucleus if collisions only occur with water. However, electron collisions can push the transition to 160,000 km from the nucleus, assuming the nominal electron density. Considering the factor of 2 range in electron densities allows us to demonstrate the effect of different densities on the collision rate and thus on the distance at which the transition radius occurs. As expected, smaller densities yield smaller collision rates at the same distance (bottom dotted line in Fig. 4) , so the lower density creates a smaller transition radius, r trans ¼ 124; 000 km. This is a decrease of 23% from that of the nominal density, but still a factor of 4 larger than the water-only value for r trans . Accounting for such large transition radii without electron collisions would require HCN-H 2 O cross sections from 0:4 1 ; 10 À12 cm 2 , nearly 2 orders of magnitude larger than the nominal HCN-H 2 O cross section and still an order of magnitude larger than even the extreme upper limit discussed above.
Similarly, uncertainty in the electron temperature can also have an effect on the collision rates; however, the transition radius is only sensitive to the final temperature well outside the contact surface. Changes in the inner-coma temperatures affect the rates when they are still well above the radiative excitation level. As shown in Figure 5 , if the final electron temperature were 20,000 K (dotted line) instead of 10,000 K (short-dashed line) for the same density, the transition radius decreases by only 10%. Furthermore, if the electron energy outside the recombination radius were as high as 10 eV, or about 80,000 K (dash-dotted line), then the transition radius would still occur at 118,000 km, well above the threshold for the collisions if only water is considered.
Collisions between electrons and HCN also prove to be a very effective excitation mechanism in the case of comet Hyakutake, as shown in Figure 6 . Here the transition from collisional to radiative excitation occurs around r trans ¼ 3000 km with only water collisions and at nearly 42,000 km when electron collisions are considered. In the range of production rates considered, r trans occurs between 35,000 and 50,000 km. In order to have r trans in this range, neglecting electron collisions, an HCN-H 2 O cross section of 1 4 ; 10 À12 cm 2 would be required, even larger than that required for comet HaleBopp. Such an enlarged collision zone will flatten the radial profiles of observed HCN emissions. These results are consistent with the observational results of Lovell (1999) and Lis et al. (1997) , in which radial profiles of mapping observations suggested an enlarged collision zone in comet Hyakutake.
We can also conclude that electron collisions have a noticeable impact on the excitation of HCN at higher energies. In the higher rotational transitions of HCN, the electron collision rates are slightly smaller, but electron collisions are still a marked effect. A plot of r trans versus J in the lower state of the transition is shown in Figure 7 for both comets, employing the nominal density profiles and temperatures discussed above. Although electron collisions can successfully excite all of these transitions, the greatest effect is in the lowest energy transitions because the cross sections are larger at lower energies. For comet Hale-Bopp (top), electron collisions create collision zones between 125,000 and 160,000 km. For comet Hyakutake (bottom), the collision zones are between 26,000 and 38,000 km in size.
Observations of cometary HCN that are interpreted using traditional (water-only) collisional and radiative excitation models will yield markedly different HCN production rates than those also considering electrons. In the case of comet HaleBopp, the observed HCN gas production is a factor of 2 lower than if computed using the enlarged collision zone. Without electrons, the transition from collisional to radiative excitation occurs closer to the nucleus, as indicated in Figures 4 and 6 where the solid lines (water collision rates) cross the longdashed lines (radiative rates). A small fraction, $10%, of HCN is in the J ¼ 1 state under collisional excitation at these coma temperatures, whereas radiative excitation yields a larger fraction, $43%. Neglecting electron collisions underestimates the size of the collision zone, overestimates the portion of the coma with the larger HCN J ¼ 1 population, and makes the observed line strength seem achievable with a lower HCN production rate. With electron collisions, the collision zone is much larger and a greater portion of the coma has the smaller J ¼ 1 population, requiring a larger HCN production rate to achieve the same observed line strength. Thus, HCN production rates derived from radio observations may be underestimating the actual production of HCN in highly active comets if they neglect this effect. However, if production rates are too much larger, there is a different problem, as discussed by Woodney et al. (2002) : HCN production is not likely to be significantly higher than that of CN, given that nearly all HCN photodissociation results in CN.
As an example, let us take the near-perihelion HCN production rates for comet Hale-Bopp, derived from the radio data of Lovell (1999) . Consider three cases for the excitation of the HCN: (1) the fully collisional model employed by Lovell (1999) ; (2) a two-level model neglecting electrons, transitioning from collisional to radiative excitation at 25,000 km; and (3) a two-level model considering electrons, so the transition distance is 160,000 km. In the first case, with a constant (collisional) J ¼ 1 population, production rates are, on average, 2:6 ; 10 28 mol s À1 . Neglecting electrons, production rates in the second case are 0:9 ; 10 28 mol s À1 , compared to 2:2 ; 10 28 mol s À1 in the third case with electrons creating a larger collision zone. Thus, we see that excitation models that assume water collisions only and neglect the effects of electron collisions do indeed underestimate HCN production rates by a factor of 2. We can also see that the difference between a twolevel model (with electrons) and purely collisional excitation is only about 15%. This is due to the fact that the predicted size of the electron collision zone in comet Hale-Bopp is large compared to the expected scale length of HCN, so few HCN molecules survive into the radiative excitation region. It is fortuitous that the published production rates (Lovell 1999) for comet Hale-Bopp were computed assuming fully collisional excitation, so that little adjustment is necessary. Nonetheless, even a small adjustment, given the CN production rates cited by Woodney et al. (2002) , leaves open the possibility that cometary CN arises from another source in addition to HCN.
CONCLUSIONS
Our results show that electron-HCN collisions are a significant factor in the excitation of HCN in comets Hale-Bopp and Hyakutake. Although these are both comets with moderate to high production rates, they represent both large and small nuclei. For molecules with large dipole moments, the electron collisional rate should be factored into models, since it exceeds that for excitation by water collisions in the coma and will thus significantly affect the lower excited states of the molecule.
Neglecting the effects of electron collisional excitation in the interpretation of mapping observations of bright comets will Fig. 7. -Location of the radiative-to-collisional excitation transition distance (in units of 1000 km from the nucleus) as a function of J in the lower state. For comet Hale-Bopp (top), electron collisions create collision zones between 125,000 and 160,000 km. For comet Hyakutake (bottom), the collision zones are between 26,000 and 38,000 km in size. , and excitation of this transition by collisions with water at the normal accepted cross section (solid line) and with electrons (short-dashed line). For comparison, predicted collision rates are shown (dotted lines) for the electron densities that result from a factor of 2 uncertainty in the total gas production rate. The dip in the electron collision rate around cometocentric distances of 10 4 is an artifact of the piecewise density function that was employed. yield significant underestimates of HCN gas production rates. Furthermore, the enlarged collision zone flattens the observed radial profiles and thus may affect predicted scale lengths for the molecule. The contribution of electron collisions may alleviate the need for large H 2 O-HCN cross sections in models that neglect the effect of electrons.
